Abstract. We consider scenario of the dark matter consisting of two fractions, stable part being dominant and a smaller unstable fraction, which has decayed after the recombination epoch. It has been suggested in Ref.
Introduction
New era in precise determination of cosmological parameters was opened by the WMAP [2] and Planck [3] measurements of the cosmic microwave background fluctuations. Surprisingly, it revealed the tension between the CMB based determination of the Hubble constant and the previous interpretation of h value from direct low redshift measurements. Low-redshift determination of the Hubble constant, derived from the the Hubble Space Telescope (HST) cepheid and SNe Ia data lead to h = 0.738±0.024 [4] , while h deduced from the Planck data is equal to h = 0.6727 ± 0.0066 [3] , showing 2.5σ discrepancy between two measurements. Other than that, such cosmological parameters as initial density perturbations σ 8 and mass density parameter Ω m also show discrepancy for high-redshift measurements from the CMB and for low-redshift measurements from clusters as cosmological probes [5] .
It was recently proposed [1] that this tension may be resolved if a certain fraction of the dark matter is unstable. In this model, it is suggested that the dark matter consists of two fractions: stable and unstable. The stable fraction is dominant, and only a small fraction of dark matter decays between recombination and the present epoch. In the follow-up papers [6, 7] lensing constraints along with baryon acoustic oscillation and redshift space distortions measurements have been used to limit the allowed range of decaying dark matter (DDM) fraction to F < 4 − 7 % at 95% C.L..
The DDM scenario finds another application in the possible explanation of the astrophysical neutrino flux discovered by the IceCube Collaboration [8, 9] . The distribution of IceCube events is isotropic in the sky, which together with Fermi data on the accompanying γ-ray flux makes it challenging to model the production of IceCube neutrinos in astrophysical sources [10] or in the present decay of DM [11, 12] . In [13] , the DDM model was considered with the dominant decay mode into the visible sector X → νν with branching ratio B X→νν 3 × 10 −9 . The present study is aimed to derive the constraints on the heavy relics branching to a number of decay channels: qq, e + e − , µ + µ − , τ + τ − , ν eνe , ν µνµ , W + W − and γγ, assuming scenario of Ref. [1] . While secondary ν lose their energy essentially through redshift only, secondary e + /e − and γ-rays initiate electron-photon cascades on the CMB during their propagation. The cascade develops through the chain of inverse Compton scattering of electrons and e + e − pair production by photons on CMB until the threshold for the pair production is achieved, below which the energy is collected in the form of effectively sterile photons [14] . We obtain the desired constraints by comparison of ν-and γ-fluxes with observations. Namely, we compare the model gamma-ray flux with the Fermi LAT [15] and EGRET [16] isotropic diffuse γ-ray background (IGRB) estimates, while the model neutrino flux is compared with the neutrino flux upper-limits set by Super-Kamiokande [17, 18] and IceCube [9, 19, 20] .
Below, in Section 2, we describe in details the method we use to derive the constraints and present results along with discussion in Section 3.
Analysis
We consider the range of dark matter masses 600 GeV M DM 10 15 GeV. For lower DM masses the primary photon energy is typically below the threshold for e + e − pair production E th = m 2 e /E cmb 300GeV at redshift z = 10 3 and therefore the corresponding limits could be derived without taking into account the EM cascade development. For M X /2 ≤ 100TeV we use PPPC 4 DM ID toolkit [21] + , e − and ν calculated for two benchmark decay channels:and νν with the numerical codes of Ref. [22] and Ref. [12] , respectively 1 . Byand νν we mean the DM decay into quarks and neutrinos with uniform distribution in flavors.
We expect at least for γ-ray constraints to weaken with shorter DM decay time, since in this particular case the EM cascade develops on average in more energetic background and resulting diffuse γ-ray background is shifted towards lower energies where it is less constrained. Therefore to build conservative constraints we assume below that DM decays in time τ ∝ H
−1
Having e + /e − and γ spectra from DM decay we propagate them from z CMB = 1090 [23] using the TransportCR code [24, 25] , developed for the simulation of ultrahigh-energy cosmic rays and electron-photon cascade attenuation. The electron-photon cascade development essentially stops when photon energies reach the threshold E th for e + e − pair production on CMB and afterwards the spectrum is only affected by the adiabatic Universe expansion. Due to the EM cascade universality [14] the final shape of γ-ray spectrum predicted is roughly the same for all the models considered in which the average initial electron and photon energy is well above E th . Therefore for these models only total energy density coming to EM cascade is relevant for the constraint derivation.
Secondary γ-ray spectra, predicted by the model at redshift z = 0, shouldn't contradict to the current IGRB estimates. In the present analysis, we have adopted the Fermi LAT IGRB data [15] , derived in the energy range from 100 MeV to 820 GeV Figure 1 . The spectra of secondary γ from(left panel) and ν eνe (right panel) decay for several DM particle masses, compared with Fermi LAT [15] and EGRET [16] IGRB estimates.
and estimates by EGRET [16] derived in the energy range 30 MeV − 50 GeV. Overall IGRB spectrum considered is shown in Fig. 1 . Figure 2. The spectra of ν e from µ + µ − ,and ν eνe decay (from top to bottom) for several DM particle masses, compared with Super-Kamiokande limits on diffuse electronic neutrino flux from supernovae [17] and atmospheric electronic neutrino flux limits [18] .
The independent set of constraints on the fraction of the DM decaying into visible particles could be derived using the recent experimental upper-limits on the diffuse neutrino flux in the wide energy range: from ∼ 10 MeV to ∼ 100 EeV. Namely, 10 -5 E, GeV
Figure 3. The spectra of ν from(top) and νν (bottom) decay for several DM particle masses higher than 1 PeV, compared with IceCube atmospheric electronic neutrino flux limits [19] astrophysical (HESE set) [9] and cosmogenic EHE set [20] neutrino flux limits.
we adopt the Super-Kamiokande limits on the extragalactic supernovae neutrino [17] , limits derived from the IceCube data on the high-energy astrophysical neutrino (HESE set) [9] and the IceCube limits on the highest-energy cosmogenic neutrino flux (EHE set) [20] . In the 100 MeV -100 TeV energy range the observed neutrino flux is dominated by the atmospheric neutrinos, that are difficult to discern from the cosmic ones. Therefore in this range we adopt experimental limits on the atmospheric neutrino flux derived by Super-Kamiokande [18] and IceCube [19] as a rough but conservative bounds for our model flux. Neutrino practically do not interact with medium during their propagation. Therefore we calculate their spectra at z = 0 just by redshifting and assuming maximal mixing, i.e. ν e : ν µ : ν τ = 1 : 1 : 1 at z = 0 2 . The neutrino injection spectra of νν and e + e − decay channels contain sharp peaks near E ν = M X /2. While the attenuation effects do not destroy the peaks, longer DM particle lifetime τ H −1 may make them smoother due to expansion of the Universe. Therefore, the constraints obtained in the assumption of short DDM lifetime would be stronger than those of long DDM lifetime, i.e. the short DDM lifetime assumption is not conservative in the case of neutrino constraints.
The examples of properly normalized neutrino spectra at z = 0 for various decay channels and DM particle masses are shown in Fig. 2 (low M X ) and in Fig. 3 (high M X ) in comparison with respective experimental neutrino flux limits.
Results
In Fig. 4 we show constraints obtained on the fraction f of the DM particles decaying into visible sector for e + e − , qq, ν eνe , ν µνµ , µ + µ − , τ + τ − , W + W − and γγ decay channels for DM masses M X ≤ 200 TeV. Constraints derived with neutrino and γ-ray data are shown separately in blue and red points correspondingly. For comparison we also show in the same figures the preferred range of the decaying DM fraction (0.05 ± 0.04(2σ)) derived in Ref. [7] from cosmological data analysis of Refs. [27] [28] [29] . One can see that for all the channels considered in the above energy range the γ-ray constraints are more strict allowing values of f < ∼ 10 −5 . The least strict limits were obtained not surprisingly in case of νν decay channels.
In Fig. 5 we show the constraints obtained for larger masses M X > ∼ PeV. The γ-ray constraints practically do not depend on M X since fraction of energy going to EM cascade is not changing with M X , while the propagated γ-ray spectrum is universal. The constraints derived using neutrino data become more restricting than γ-ray constrains for M X > ∼ 2×10
8 GeV in case of hadronic decay channel and for M X > ∼ 10 6 GeV in case of leptonic decay channel, reaching level of f < ∼ 3 × 10 −9 for M X 10 10 GeV in the latter case. These constraints are imposed by IceCube data. We conclude, that for all DDM mass range considered in this study, DM should decay mostly into invisible radiation, in order to match the z = 0 γ-ray and neutrino measurements. Figure 4 . Constraints on a fraction f DM of DM decaying into visible particles. Each plot shows the separate constraints from gamma-ray (68% C.L.) and from neutrino (90% C.L.) observations, for separate primary decay channel, left to right: e + e − , qq, ν eνe , ν µνµ , µ + µ − , τ + τ − , W + W − and γγ, for DM-particles of GeV-TeV masses. The 95% C.L. constraints on a fraction F of DM decaying after recombination, derived in Ref. [7] from cosmological data analysis of Refs. [27] [28] [29] is shown by the light-green band for comparison. 
